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Abstract
The geostatistical techniques of GPI, IDW and Kriging were applied in order to evaluate
the use of these statistical approaches in GIS environment to examine artificial recharge
dams and its effect on the quality of groundwater. Quantitative models were employed to
investigate one aspect of the artificial dam’s role on improving the shallow groundwater
quality.
The TDS was taken as the chemical parameter to validate the applicability of the
geostatistical models in the four dams. The decrease of salinity of groundwater along the
subsurface flow path away from the dams toward the coast, in all the prepared
interpolated maps is demonstrated. The generated interpolating maps revealed a trend in
increasing the TDS away from the dams toward the coast. The infiltrated water below the
dams is increasing the aquifer quantity and pushing the saline water toward the sea. The
continuous fresh water seep into the shallow aquifer dilutes the groundwater salinity and
progressively improves its quality. The interpolated fresh water areas downstream of the
dams were estimated to be approximately 57%, 19%, and 31% in Ma’awil, Samail, and
Sahalnawat watersheds respectively.
The kriging and IDW methods generated similar results in the three watersheds. The
kriging and IDW techniques were found to be the best when evaluating the performance
of the artificial dams in coastal areas.
Keywords: artificial recharge, TDS (Total Dissolved Solid), GPI (Global Polynomial
Interpolation) IDW (Inverse Distance Weighting), TSA (Trend Surface Analysis),
Kriging, geostatistical analysis.
Introduction
The water resources in Oman are scarce and limited. The country is arid and the amount
of precipitation does not exceed 200 mm per year. Water resources in Oman are mainly
groundwater and Aflaj. Aflaj is a ground or surface canal, which collect water from
groundwater, springs, natural streams, or surface water. Many shallow wells were drilled
in the 1970s along the coast of Oman in order to be used for irrigation. The irrigated
lands overlie shallow major alluvial groundwater aquifer supplies and rely heavily on
these supplies for irrigation water. Water tables of the groundwater wells tapping the
aquifers were shallow and ranged from five to fifteen m below sea level. Powerful pumps
are operated to withdrawal a huge quantity of groundwater needed for agricultural
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purposes without implementing any water management practice. The aquifer abstraction
rate was much greater than the average natural recharge.
The over-drafting from the aquifers lowered the water table to a stage below sea level.
This caused the sea water to invade the shallow aquifer, which made the groundwater
quality to become highly saline. The consequences of the saline intrusion limited to a
great extent the use of the shallow coastal aquifer for restricted agriculture even with
skilful management.
As a result the government of Oman adopted effective water management system aiming
to improve the balance between socio-economic, environmental, and water resources.
Fundamental steps were taken to monitor the abstraction and irrigation. Since 1984,
seventeen artificial dams were constructed on the banks of the intermittent streams. The
majority of the dams are located in the north-east of Oman (Fig 1). The dams were
designed to store the surface runoff generated by precipitation in the rainy season and
eventually use the collected fresh water as an artificial recharge in order to achieve the
following: (1) infiltrate the stored water gradually down gradient into the subsurface and
increase the storativity of the shallow aquifer; (2) the infiltrated recharge water will
create a high potentiometric surface and form a recharge water gradient toward the coast
and pushing the invaded saline saline water toward the sea (3) The continuous infiltration
of good quality water will progressively improve the water quality.

Fig.1 The location of the of artificial dams in Oman
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The objective of the study has been conducted to examine the third role of the artificial
dams.
This study has been conducted in order to examine, evaluate, and compare the effects of
four dams on the quality of groundwater using geostatistical approaches in GIS
environment. The number of wells, the detail of their locations, and the name of the dams
are listed in Table 1. Three dams (Tanuf, Al Kabir, and Ma’awil) are located in the
northeast in the Batineh region and the fourth dam (Sur) is in southern region of Sulalah.
The GIS approach was found to be a reliable tool to study the effects of recharge dams on
quality of groundwater (Bajjali, 2002). A large scale infiltration test was conducted to
evaluate some artificial dams in Oman. The results indicated that a portion of the stored
water behind the dam was recharging the groundwater (Haimerl, et. al., 2002)
Table 1 Number of the wells used in the study
Dam Name
Tanuf
Sur
Al Kabir & Ma'awil
Total Wells

Watershed
Samail
Sahalnawat
Ma'awil

Number of Wells
110
561
1758
2429

Percent of Wells
4.53 %
23.10 %
72.38 %

Methodology
The three watersheds are located in the North-East and the South of the Sultanate of
Oman. The geographic extent of Oman is from approximate longitude 52.0 0 E to 59.8 0 E
and from latitude 16.6 0 N to 26.2 0 N. The Ministry of water resources had sampled
hydrochemical data from the groundwater wells for many years after building the dams in
order to monitor the recharge and quality of groundwater.
The groundwater wells with the chemical data associated with it were recorded as
location in a real world plane coordinate (UTM zone 39). The original chemical data was
in MS-Excel format. The data were converted into a database format and then integrated
into ArcGIS as a shapefile format.
The watersheds, streams, and dams were created from DWG format (AutoCAD). The
data was first edited in AutoCad and then integrated into ArcGIS.
IGIS approaches to prepare the data for analysis
A variety of GIS approaches have been used in this study to integrate the different
databases into the GIS environment. The digital data used in the study was originally
incorporated primarily from AutoCAD format.
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Important GIS Steps to perform the analysis
CAD format conversion: Some of the data was converted into shapefile and coverage
formats in order to be fully usable in the GIS environment. Some of the digital CAD files
contained blocks, which are irrelevant to any GIS data organization and interpretation.
These blocks were removed and meaningful themes with relevant attributes were created.
A few of the original digital CAD files were registered in a false table coordinate. The
files were transformed from the false coordinate into UTM zone 39 in order to make
them usable in the GIS analysis.
Database integration: Oman has more than 128,000 groundwater wells drilled all over
the country and the majorities are properly documented at the Ministry of Water
Resources. All of them are saved in excel database format and contain the X and Y
coordinate system (UTM) along with other hydrogeological and chemical data. Some of
the groundwater wells contain complete chemical analyses in term of major cations and
anions. Only the wells that contain complete chemical analyses and are located
downstream from the artificial dams are integrated into GIS as a point layer.
Geoprocessing: The clip function was used in order to extract the dams, streams and the
wells that were used for interpolation. This was done by using the three watersheds of the
study area. This is a useful step in GIS to create a new theme needed for analysis. Figure
2 shows the dams, groundwater wells and the streams that were clipped using the three
watersheds. This step keeps the attributes of the newly created features in the output layer
that are the same as those of the features in the layer being clipped. In addition, the output
themes from the clipping operations are in the same coordinate system as the input layers.

Fig 2 Wells, dam and streams were clipped in the three watersheds
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Vector Conversion onto Raster: In order to perform the analysis, the study area
containing the wells should be converted from vector format into a raster format (grid).
The part of each watershed that contains the wells was split and converted into an
independent layer. The layer was then converted into raster in order to make the analysis
possible and to restrict the interpolation surface to the boundary of the new created raster.
This step is significant in order to carry out the analysis on a selected set of cells. This
means that processing will only occur on the cells that are located in the watershed area
that has been converted into grid.
Spatial analyst and geostatistical analyst were used to save certain steps in order to
process the data for the analysis. Raster analysis is required to generate many grids,
which are important in having the same resolution.
Spatial Interpolation
Three geostatistical modules; kriging, IDW, and GPI were used to interpolate the
groundwater salinity in the shallow groundwater in the three watersheds. Spatial
interpolation is simply defined as a process to estimate unknown values from points with
known values. The models generate prediction surfaces and also uncertainty surfaces,
giving an indication of how the predictions are. In this study the unknown salinity values
of groundwater at a location with no wells were estimated through three interpolation
techniques from known groundwater salinity measured at various locations. The
Geostatistical Analyst (Johnston et. al.2001) and Spatial Analyst extensions in ArcGIS
are both used for performing the analysis. The three models were used to create an
interpolated grid based on the measured salinity of groundwater of the wells. A
reclassification function for each of the interpolated TDS concentration grid was defined.
A new value was assigned to each class based on the range of the TDS concentration in
each watershed. For example, the groundwater salinity in Ma’awil watershed is classified
into five classes. Grid location with an interpolated TDS concentration between 500 to
1000 mg/l is assigned a new value of 1; location between 1000 to 2000 mg/l assigned a
value of 2, between 2000 to 5000 mg/l a value of 3, between 5000 to 10,000 mg/l a value
of 4 and lastly between 10,000 to 30,000 mg/l a value of 5 (Table 4).
Trend Surface Analysis
Analysis calculates the coefficients of a best-fit polynomial surface to fit a set of spatially
distributed data points (Bailey and Gatrell 1995). The aim of this method is to develop a
general kind of the spatial distribution of an observable fact. The surface can be modeled
using a linear or trend surface. Linear trends describe only the major direction and rate of
change, while the trend surface provides progressively more complex descriptions of
spatial patterns. For example the 3d-order trend can be described as follow:
Z = b0 + b1X + b2Y + b3X2 + b4XY+ b5Y2 + b6X3 + b7X2Y+ b8XY2 + b9Y3

Eq.1

Where; Z is the interpolated parameter.
X and Y are the coordinates of the wells.
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b coefficient estimated from the control points.
Inverse Distance Weighting (IDW)
Inverse distance weighting is a very popular technique in GIS and considers one of the
simplest interpolation methods. A neighborhood about the interpolated point is identified
and a weighted average is taken of the observation values within this neighborhood. The
weights are a decreasing function of distance and the user has control over the
mathematical form of the weighting function, and the size of the neighborhood (Fisher
and Embleton, 1987).
In general the formula for IDW is
n

1
dip
M 0 = i =1 n
1
∑
p
i =1 d i

∑M

i

Eq.2

Where; M0 is the predictable value at point 0, Mi is the M value at control point i, di is
the distance between control point i and 0, n is the number of known values used in the
evaluation and p is the specific power
Kriging
Kriging is another way of spatial interpolation. It is the estimation procedure used in
geostatistics using known values and a semivariogram to determine unknown values. The
procedures incorporate measures of error and uncertainty when determining estimations.
Based on the semivariogram used, optimal weights are assigned to unknown values in
order to calculate unknown ones (Webster and Oliver 1990). Since the variogram
changes with distance, the weights depend on the known sample distribution.
A variety of type of kriging techniques with changeable degrees of sophistication have
been implemented in GIS. The ordinary kriging approach is applied in this study and
mathematically can be exemplified as follow:

K (d ) =

1 n
( Z ( xi ) − Z ( xi + d )) 2
∑
2n i =1

Eq.3

Where; d is the distance between known points, n is the number of pairs of sample
separated by d; Z is the field value of the attribute table of the theme. The equation
indicates that the semivariance is expected to increase as d increases.
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Results and Discussions

The groundwater salinity measured in the wells was interpolated using three geostatistical
methods. The chemical dataset of each watershed area was treated individually and the
results of the interpolation of each method were combined together in order to view the
extent of interpolation and compare the outcome. The interpolation salinity maps have
been classified based on their TDS ranges.
In general the origin of groundwater salinity is primarily hydrochemical. The
groundwater type is classified based on the salinity content (Table 2). The results of the
chemical interaction between groundwater and aquifer materials show gain in salinity
proportional to their residence time. Nevertheless, many mechanisms can augment the
groundwater salinity such as aerosol, soil, re-irrigation and salt intrusion. Salt intrusion is
the most dominant in this study as the majority of the wells are shallow and tapping
mainly the gravel aquifer located along the coast of Oman (Bajjali, 1999). Sea water
intrusion occurs due to distortion balance between fresh groundwater and sea water. This
crystal clear phenomenon is shown in several parts of Oman and mainly in the Batineh
region in the shallow alluvium aquifer located along the coast.
Table 2 Natural groundwater salinity classification
Type of Groundwater
Fresh
Brackish
Saline

Concentration of TDS (mg/l)
< 1,000
1,000 to 10,000
10,000 to 100,000

Table 3, shows the range of TDS concentration in groundwater in the three watersheds.
The maximum and minimum TDS concentrations were 29,632 mg/l and 348.2 mg/l
recorded in Ma’awil and Sahalnawat watersheds respectively.
Table 3 Well number and statistical information about the groundwater salinity

Watershed Area
Samail
Sahalnawat
Ma'awil

Total
Well
110
561
1758

TDS
TDS
TDS
TDS Standard
Minimum Maximum Mean
Deviation
598.4
12,112
3,303.80
2,742.08
348.2
7,827.20 2,001.90
1,437.70
302.7
29,632
2,503.59
2,320.70

In each watershed area the GPI, IDW, and Kriging methods were employed to interpolate
the salinity of groundwater in Samail, Ma'awil, and Sahalnawat watersheds.
Trend Surface Analysis Applications in the Three Watersheds

The trend surface analysis using the Global Polynomial Interpolation (GPI) method is a
useful tool in early data analysis for delineating basic information and trends regarding
the distribution of data (Isaaks and Srivastava, 1989).
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In order to verify if there is any trend in the groundwater salinity, the trend analysis tool
in Geostatistical Analyst was used in the three watersheds. A 3-D perspective of the TDS
data in Samail watershed was constructed (Fig. 3).
The 3-D graph shows the YZ (north-south) and the XZ (west-east) trend in the watershed
area downstream from the Tanuf Dam. Both the north-south and west east trend are very
well established. Nevertheless, the west-east trend is much stronger indicating that the
salinity interpolated surface map is increasing from west to east away from the Tanuf
artificial dam. The same trend was observed in Ma’awil watershed, but not in the
Sahalnawat watershed.

Fig 3 North-south and west-east trend in Samail area

A fourth order polynomial trend was found to be the best practical solution in the TDS
data interpolation in Samail area. The fourth order trend allows the best representation of
the landscape within valleys such as the case in Samail watershed. In addition the fourth
order is associated with the lowest Root Mean Square Error (RMSE). The lowest RMSE
has a value of 1738 (Table 4) and has been adopted since the lowest RMSE generally is
considered the best model for this type of analysis.
The interpolation salinity map of groundwater in both Ma’awil and Sahalnawat
watersheds was created using the eighth order. The 8th order generated lowest RMSE
with a value of 1473 and 817 in Ma’awil and Sahalnawat watershed respectively (Table
4). The interpolation map in Samail and Ma’awil watershed is classified into five classes,
while the salinity in Sahalnawat into four classes. The classification is based on the
salinity recorded in the wells and on the concept of the water-rock interaction described
above (Table 2).
Three different interpolated salinity maps were generated for each watershed area (Fig.
4). The resulting total areas of the groundwater salinity interpolation maps are 189.49,
16.80, and 45.86 km2 in the Ma’awil, Samail, and Sahalnawat watersheds respectively
(Table 6). The resulting interpolating map followed a path close to the locations of the
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groundwater wells. The interpolated surface showed a trend in increasing the salinity
away from the dam toward the sea in Ma’awil and Samail watersheds. In contrast the
surface trend was from west to east in the Sahalnawat watersheds.
The interpolated fresh water (< 1,000 mg/l) is estimated to be only 17%, 11%, and 21%
in Ma’awil, Samail, and Sahalnawat watersheds respectively.

Fig. 4 Groundwater salinity interpolation using GPI in the three watersheds
Table 4 The power used and RMSE calculation in the three watersheds using GPI

Method Power RMSE
Samail
Watershed
1
2,496
2
2,127
3
1,884

RMSE
Ma'awil
Watershed
1,936
1,820
1,773

RMSE
Sahalnawat
Watershed
1,149
960
914

4

1,738

1,728

903

5
6
7

1,854
2,001

8

5,223

1,686
1,741
1,477
1,473

859
860
1,125
817

9
10

6,354
47,890

2,718
20,760

1,146
2,160

GPI

3,831
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Inverse Distance Weighting Applications in the Three Watersheds

The IDW interpolator assumes that each groundwater well has a local influence that
diminishes with distance. It weights the TDS of closer wells greater than those located
farther away from the processing well. Fifteen wells within a specified radius were used
in this study to determine the output value for each location.
The power parameter in the IDW interpolation controls the significant of the surrounding
wells upon the interpolated value. A higher power results in less influence from distance
points. Nevertheless, a power of seven is used to interpolate the salinity in Samail
watershed and a power one was used in the other two watersheds (Table 5). Samail
watershed has the lowest number of wells and they were distributed heterogeneously. In
general by defining a higher power more emphasis is placed on the nearest points and the
resulting surface will be less smooth. Specifying lower power will give more influence to
the points that are further away resulting in a smooth surface. Ma’awil, and Sahalnawat
watersheds are bigger than Samail and have many more groundwater wells.

Fig. 5 Groundwater salinity interpolation using IDW in the three watersheds

Three interpolated maps were generated for each watershed area (Fig. 5). The total areas
of the groundwater salinity interpolation maps are 246.51, 30.07, and 58.31 km2 in the
Ma’awil, Samail, and Sahalnawat watersheds respectively (Table 6).
The resulting interpolating map was smoother and the surface showed a trend in
increasing the salinity away from the dams toward the coast. The groundwater salinity
interpolation map in the Sahalnawat watershed showed different direction, with the high
salinity increases in the east-west direction.
The interpolated fresh water is estimated to be around 57%, 19%, and 31% in Ma’awil,
Samail, and Sahalnawat watersheds respectively.
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Table 5 The power used and RMSE calculation in the three watersheds using IDW
Method Power RMSE

IDW

RMSE

RMSE

Samail

Ma'awil

Sahalnawat

Watershed

Watershed

Watershed

1

2079

1273

641

2
3
4
5
6

1993
1969
1964
1963
1963

1283
1310
1338
1361
1279

635
661
692
716
735

7

1962

1394

749

8
9
10

1963
1963
1964

1405
1415
1423

760
769
776

Kriging Applications in the Three Watersheds

Kriging is different than the other geostatistical methods in that it deals with the
probabilities and their predictions. It is a regression method for assessment and is
intended to give a best linear unbiased estimate of a variable at an un-sampled
location. It, like the IDW also requires a neighborhood definition for estimating
concentration values at all the groundwater wells with the TDS value. A neighborhood is
defined as an area around the well in which TDS will be used to estimate the
concentration value. The wells with the measured TDS values outside the neighborhood
were excluded.
The three interpolated salinity maps generated for each watershed area (Fig. 6) indicate
that the interpolated surface downstream the dam was dominated by the low TDS with
the exception of the Sahalnawat watershed. The water quality demonstrates improvement
in the east west direction like the results that have been demonstrated in the previous two
methods. There seems to be other factors influencing the groundwater quality.
The results show total areas of the interpolation maps as 246.65, 30.02, and 58.34 km2 in
the Ma’awil, Samail, and Sahalnawat watersheds respectively. The results of the total
interpolated output area maps generated by the kriging and IDW are identical. Both
methods also produced estimates very close to the total salinity class area (Table 6).
The interpolated fresh water is estimated to be around 58 %, 11%, and 29 % in Ma’awil,
Samail, and Sahalnawat watersheds respectively.
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Fig. 6 Groundwater salinity interpolation using Kriging in the three watersheds
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Table 6 Groundwater interpolation downstream of artificial dams
Method

GPI

Class

TDS - (mg/l)

TDS - (mg/l)

Area Km2

Percent

TDS - (mg/l)

Area Km2

Samail Watershed

Sahalnawat Watershed

Ma'awil & Al Kabir Dams

Tanuf Dam

Sur Dam

Percent

1

500 - 1,000

32.99

17.4%

500 - 1,000

1.88

11.2%

500 - 1,000

9.72

21.2%

2

1,001 - 2,000

69.35

36.6%

1,001 - 2,000

5.05

30.1%

1,001 - 2,000

18.17

39.6%

3

2,001 - 5,000

35.67

18.8%

2,001 - 5,000

6.26

37.2%

2,001 - 5,000

13.67

29.8%

4

5,001 - 10,000

30.01

15.8%

5,001 - 10,000

3.08

18.3%

5,001 - 8,000

4.29

9.4%

5

10,001 - 30,000

21.47

11.3%

10,001 - 12,112

0.53

3.2%

189.49

16.80

45.86

1

500 - 1,000

139.52

56.6%

500 - 1,000

5.76

19.2%

500 - 1,000

18.28

31.4%

2

1,001 - 2,000

63.75

25.9%

1,001 - 2,000

13.30

44.2%

1,001 - 2,000

16.42

28.2%

3

2,001 - 5,000

23.77

9.6%

2,001 - 5,000

6.67

22.2%

2,001 - 5,000

20.33

34.9%

4

5,001 - 10,000

19.18

7.8%

5,001 - 10,000

3.44

11.4%

5,001 - 8,000

3.28

5.6%

5

10,001 - 30,000

0.28

0.1%

10,001 - 12,112

0.90

3.0%

Total
Kriging

Percent

Ma'awil Watershed

Total
IDW

Area Km2

246.51

30.07

58.31

1

500 - 1,000

141.87

57.5%

500 - 1,000

3.40

11.3%

500 - 1,000

16.80

28.8%

2

1,001 - 2,000

61.05

24.8%

1,001 - 2,000

15.74

52.4%

1,001 - 2,000

19.69

33.8%

3

2,001 - 5,000

21.94

8.9%

2,001 - 5,000

6.81

22.7%

2,001 - 5,000

16.79

28.8%

4

5,001 - 10,000

21.14

8.6%

5,001 - 10,000

3.79

12.6%

5,001 - 8,000

5.05

8.7%

5

10,001 - 30,000

0.65

0.3%

10,001 - 12,112

0.29

1.0%

Total
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Conclusions

This work provides a spatial analysis using advanced geostatistical approaches for
analyzing the salinity of groundwater. The interpolation methods applied at three
locations showed that the kriging and IDW produced more realistic smooth interpolated
surface maps. The interpolation maps of both methods are relatively identical and
produced reasonably similar total surface area. Both interpolated maps represent a
gradual decreasing trend in the TDS salinity data over the area located downstream of the
dams in Samail and Ma’awil watersheds. Sahalnawat watershed didn’t show this
directional trend, but demonstrates an improvement in salinity from west to east. To
explain this phenomenon, the natural drainage system and the intermittent streams of the
watershed should be fully integrated as a digital data.
Fresh low salinity water (< 1,000 mg/l) interpolated surface area in Ma’awil watershed is
estimated to be around 57 % of the total interpolated area using the kriging and IDW
methods. The large number of wells in the watershed influenced the surface smoothing
and interpolation.
The GPI is not considered the best interpolator technique since the predicted surface was
restricted to the boundary of the data wells. Therefore, it is not considered an accurate
interpolator, rather it smoothes over fine scale details.
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